In 1957-1959, the introduced protistan parasite, Haplosporidium nelsoni, killed 90-95% of the oysters (Crassostrea virginica) in lower Delaware Bay and about half of those in the upper bay. Shortly thereafter, H. nelsoni-caused mortality in the wild population of the lower bay declined, approximating that of first-generation selectively bred oysters. For nearly three decades thereafter no further change in survival of the wild population was evident, although steady improvement was achieved by continued selective breeding. Survival of the wild population is thought to have plateaued because the great majority of oysters inhabited the upper bay where they were protected from H. nelsoni infection and selective mortality by low salinity. Consequently, they contributed most of the offspring to the bay population. From 1957 through 1987, H. nelsoni prevalence was cyclic, but overall high (annual maxima of 60 to 85%) in the lower bay. Since 1988, however, prevalence in wild oysters has rarely exceeded 30% anywhere in the bay, even though unselected oysters continue to become heavily infected when exposed, and molecular evidence indicates that the parasite remains present throughout the bay. This apparent "second step" in the development of resistance in the wild oysters occurred after a drought-associated incursion of H. nelsoni into the upper bay in the mid-1980s. Mortalities were widespread, heavy and more extreme than during the 1957-59 epizootic. Resistant survivors of the second epizootic have apparently repopulated the bay. When compared to unselected stocks, common-garden exposure to H. nelsoni of oysters from both upbay and downbay sites indicates that a high degree of resistance to the development of MSX disease has become widespread in the wild oyster population of Delaware Bay after two major selection events separated by nearly 30 years.
Introduction
The destruction caused by pathogens introduced into areas where they find new and highly susceptible hosts has been well documented. Whereas the best-known reports come from plants and terrestrial vertebrates, including humans (Diamond, 2005; Hochachka and Dhondt, 2000; Sherman, 2007; Sinclair and Campana, 1978) disease outbreaks in the aquatic environment have also been linked to introduced pathogens (Harvell et al., 1999) . Seal mortality caused by canine distemper virus may have been acquired from domestic dogs (Osterhaus et al., 1989) . The parasite causing Whirling Disease of salmonid fish has spread from Europe to numerous countries through the importation of infected fish (Bartholomew and Reno, 2002) . Shrimp viruses have been moved around the world via the transfer of broodstock for hatcheries (Lightener et al., 1992) . Oyster diseases have been traced to the movement of infected oysters for stocking or aquaculture, and perhaps to the transport of pathogens via currents or by shipping (Burreson et al., 2000; Burreson and Ford, 2004; Cigarría and Elston, 1997; Elston et al., 1986; Ford, 1996) . In all instances, the introduced pathogen has caused devastating diseases with high mortality in the newly exposed hosts.
Among marine invertebrates, diseases that affect commercial species are those most likely to be noticed and investigated. The best-studied are probably oysters, which appear to suffer a disproportionately high incidence of lethal diseases compared to other commercial bivalves (Ford, 2001) . Because oysters are a species of great commercial, as well as ecological importance, disease outbreaks have lead to selective breeding programs for aquaculture. They have met with varying degrees of success (Culloty et al., 2001; Haskin and Ford, 1979; Lewis et al., 1996; Naciri-Graven et al., 1998; Nell et al., 2000; . On the other hand, evidence is sparse that wild populations of oysters -or any other marine species -have developed resistance to emerging diseases. The earliest documented such case occurred after a disease outbreak resulted in mortalities, often exceeding 90%, of the eastern oyster, Crassostrea virginica, in Prince Edward Island, Canada in 1915-16 (Needler, 1931) . The disease, known as Malpeque Disease for the affected area, is highly contagious, but the causative agent has yet to be identified (Bower et al., 1994) . Between 1924 and 1929 , eastern oysters were re-introduced into Malpeque Bay from areas that had not experienced the mortality. They continued to suffer high death rates, whereas native Malpeque oysters showed no unusual mortality and rarely displayed the pustules that characterize the disease (Needler, 1931) .
Eastern oysters later became the victim of an even more widespread, lethal and economically devastating disease. The first recorded outbreak of what has since become known as MSX disease was in Delaware Bay, USA in the spring of 1957 (Haskin et al., 1966) . In early 1958, the causative agent, a previously unknown parasite was first observed in histological sections of dead and dying oysters. Originally called "MSX" for "Multiucleated Sphere Unknown," it was subsequently classified as a haplosporidian and named Haplosporidium (=Minchinia) nelsoni. Haplosporidium nelsoni is an introduced pathogen (Burreson et al., 2000) . Morphological and molecular evidence indicates that the parasite occurs along the Pacific coast of Asia, where it infects the native Pacific oyster, C. gigas, although at low prevalence and without reported mortality (Friedman et al., 1991; Kang, 1980; Kern, 1976) .
Between 1958 and 1959, MSX disease-caused oyster mortalities spread throughout much of Delaware Bay. The pathogen began causing oyster deaths in the lower Chesapeake Bay two years after the initial outbreak in Delaware Bay and has since been responsible for epizootic mortalities in estuaries from Long Island Sound to Nova Scotia, Canada (Andrews and Wood, 1967; Barber et al., 1997; Matthiessen et al., 1990; Sunila et al., 1999) .
In the following report we use a 50-plus-year database, beginning shortly after the initial epizootic, to trace the history of H. nelsoni infections and consequent mortality in Delaware Bay oysters. These long-term data, set against a backdrop of a selective breeding program (Haskin and Ford, 1979) , which we review, offer evidence that a high degree of resistance to the parasite developed in the native oyster population after two major selection events separated by nearly 30 years.
Materials and methods

a. The study system
The oyster growing regions of Delaware Bay span a distance of 90 km and a salinity range from about 8 to 26. For management purposes, they are divided into two sections. The upper, low-salinity (8 to 18) portion of the bay encompasses a series of natural or "seed" beds, whereas the lower, high salinity (18 to 26) portion contains privately leased grounds ( Fig. 1) .
Most of the natural beds are found on the eastern New Jersey side of the bay, where they encompass more than 12,000 hectares. Over the past 50 years, the estimated total abundance of oysters on these beds has ranged from 10 9 to 3.5 × 10 10 (Powell et al., 2008) . Traditionally, small seed oysters were harvested from the upper bay natural beds and "planted" on leased grounds, from which they were marketed after a period of growth and fattening (Ford, 1997) .
The MSX-disease outbreak in the spring of 1957 resulted in mortality of up to 85% in a localized area of the New Jersey leased grounds (Ford and Haskin, 1982) . Over the following two years, mortalities spread throughout the bay, but decreased in an upbay direction from an estimated 90-95% in the lower bay to 15-30% on the upper-most beds ( Fig. 1 ). Among the most important early findings was that the parasite is very sensitive to low salinity (Andrews, 1964; Andrews, 1983; Ford, 1985) and that the acquisition of infections does not depend on proximity to infected oysters. Further, experimental transmission of the parasite has not been successful (Andrews, 1980; Haskin and Andrews, 1988) . In fact, the life cycle and means of transmission of H. nelsoni remain unknown. An alternate or reservoir host has been postulated, but never found (Haskin and Andrews, 1988) .
The infection period for H. nelsoni lasts from late spring through the end of summer. Initial infections occur in the gill epithelium then become systemic as parasites cross the basal lamina and enter the circulation; mortality follows as infections intensify and parasites become widely distributed in all tissues (Farley, 1968) . Early studies showed that prevalence peaks occur from late summer through fall, with a second peak often appearing the following May (Andrews, 1966; Ford and Haskin, 1982) . This cycle is repeated annually and oysters can become re-infected each year. Prevalence may remain high in survivors of susceptible stocks, even after several years of exposure and mortality. b. Oyster sampling Prevalence and intensity of Haplosporidium nelsoni infections and mortality of oysters have been monitored on both lower-bay leased grounds and upper-bay natural beds, mostly on the New Jersey side of the bay, since 1958 when the parasite was first identified (Ford and Haskin, 1982; Haskin and Ford, 1982) . From 1958 through 1985, oysters were dredge-sampled from 7 to 10 times per year at multiple sites in the lower bay where H. nelsoni prevalence was highest. In the upper bay, samples were collected twice yearly, in the fall and late spring, to coincide with known peaks in the infection cycle. After 1985, samples were collected irregularly, although usually in fall, in the lower bay. The altered sampling protocol occurred after heavy H. nelsoni-caused mortalities in 1985-86 and the onset of a second disease (caused by Perkinsus marinus) in 1990 , resulted in a change of oyster industry practices that left very few oysters on the leased grounds (Ford, 1997) . In conjunction with special studies, however, intensive sampling resumed at selected leased-ground sites during 1990-93 and 2000-2001. Yearly fall sampling, including estimates of annual mortality rates, was maintained on the natural beds (Powell et al., 2008) .
Haplosporidium nelsoni infections were detected and evaluated using tissue section histology, as described by Ford and Haskin (1982) . Prevalence and intensity were typically determined from samples of 20 live oysters and any gapers (dead oysters with soft tissues still present) that were present in the sample. Although the polymerase chain reaction (PCR) method has been used to infer the distribution of H. nelsoni in Delaware Bay and its tributaries Ford et al., this issue) , for the purposes of the present analysis, we focus on histological infection statistics from fall (October-November) collections, which most reliably reflect the annual peak prevalence (Ford and Haskin, 1982) .
c. Measuring resistance in the native population
In 1964, a breeding program to produce oysters resistant to MSX-disease caused mortality was begun. Stocks were exposed to natural H. nelsoni infections at the Cape Shore site in lower Delaware Bay (Fig. 1 ). Survival was assessed after 3 years, when oysters had reached market size of about 75 mm shell height. Performance of the native Delaware Bay oyster population was evaluated at the same time by comparing survival of oysters that set naturally at the Cape Shore site with the selected and naïve hatchery-produced stocks of the same year class (Haskin and Ford, 1979) . In 1990, an epizootic caused by a second introduced oyster parasite, Perkinsus marinus, began in Delaware Bay during a pronounced warming period (Ford, 1996) . Thereafter, it was no longer possible to separate mortality caused by H. nelsoni from that caused by P. marinus. Consequently, when comparison between naïve and Delaware Bay native oysters recommenced in 2000, the assessment relied on detection of the pathogen by histology rather than by survival. Naïve adult oysters, typically from the Damariscotta River, Maine, a location where H. nelsoni was rare and exerted no selective pressure, were deployed at the Cape Shore site in the spring of each year after being examined to confirm that they had no histologically detected infections. Haplosporidium nelsoni infection prevalence and intensity was assessed at least once each year, in late summer or early fall, by tissue section histology. At the same time, wild-set oysters (Cape Shore natives) of about the same size were collected from a nearby (∼100 meters) reef and similarly processed to determine infection levels.
In 2005, the assessment of resistance in the native Delaware Bay population was expanded to test native oysters from other sites in the bay. In addition to the naïve stock and Cape Shore wild set, oysters from two upbay sites (Arnolds and Shell Rock Beds - Fig. 1 ) were included in the comparison. To minimize the confounding effect of P. marinus, which cooccurs with H. nelsoni at the Cape Shore site, all four groups were deployed in Cape May Harbor (Fig. 1) where P. marinus is rare. Haplosporidium nelsoni infection prevalence and intensity were monitored histologically through the summer and into the fall.
d. Potential interactions between Perkinsus marinus and Haplosporidium nelsoni
Because of the nearly concurrent onset of the P. marinus-caused epizootic with the decline of H. nelsoni prevalence in the bay, we examined the possibility that P. marinus infections might have interfered with the development of H. nelsoni. To do this, we evaluated an archived sample of oysters collected in Delaware Bay over a one-year period during 1990 and 1991 (N = 280) and another collected in 1997 and 1998 at sites Connecticut and New York (N = 586) (Ford and Smolowitz, 2007) . Oysters in both collections were assayed using histology for H. nelsoni and Ray's fluid thioglycollate medium incubation for P. marinus. Results were examined by Chi-Square analysis to determine whether the presence of one parasite was independent of the presence of the other within individual oysters.
Results
a. Long-term H. nelsoni prevalence patterns and a sudden change
Beginning in 1958, the year after the first recorded mortalities due to MSX disease, peak fall H. nelsoni infection prevalence in the lower bay followed an approximate 7 to 9 year cycle with an apparent slight increasing trend (Fig. 2) , although infection intensity had declined (Ford and Haskin, 1982) . The low-prevalence years followed years of unusually cold winters (Ford and Haskin, 1982) . After 1987, the pattern changed abruptly. Peak prevalence in the lower bay dropped from averages of 60 to 85% in the 4 preceding years to 40% in 1988 and to 25% in 1989. Since then, the fall prevalence of H. nelsoni in sampled lower bay oysters has rarely exceeded 30%, and is usually 10% or less (Fig. 2) . Although not as dramatic, because prevalence was always lower, the reduction in histologically detectable infections was also evident on the natural beds in the upper bay ( Fig. 3) . In a number of recent years, no histologically detectable infections have been found on many of these beds during the fall survey, when maximum prevalence typically occurs.
b. Evidence for resistance in the wild population after the 1957-59 epizootic
In their 1979 paper, Haskin and Ford (1979) reported that the average survival of Cape Shore wild-set oysters, tested side-by-side with the hatchery-reared strains, was approximately the same as the first generation of the selected strains with no increase over time (and generation) . No additional improvement occurred during the following decade. Between 1957 1959 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 1964 and 1988, 20 year classes of wild-set oysters were tested. After 3 years of exposure, an average of 33% (SE 4%) of the wild-set oysters were still alive as were 32% (SE 2%, N = 12) of first generation selectively bred oysters tested over the same period. In contrast, the survival of selectively bred stocks increased with continued selection. After five generations, survival after 3 years of exposure averaged nearly 70% (Ford and Haskin, 1987) . Naïve control oysters consistently had only 5 to 10% survival.
c. Drought and a second epizootic in the upper bay "refuge"
Beginning in the late summer of 1984 and extending through August 1985, the Delaware watershed experienced a pronounced drought. Delaware River flow, which contributes the majority of the freshwater input into the estuary and is highly correlated with salinity (Wang et al., this issue) , averaged only about 50% of the long-term mean (Fig. 4) . The movement of saline water upbay coincided with a period of very high H. nelsoni infection pressure, as measured in the lower bay (Fig. 2) , and infection prevalence on the upbay beds increased in response (Fig. 3) . Prevalence reached 60 to 80% in the fall of 1984 in oysters on New Beds and Bennies bed, in the central portion of the natural bed region (Figs. 1, 3 ). Lack of freshwater during the late winter and spring of 1985 was especially evident (Fig. 4) . The usual purging of infections associated with reduced spring salinities (Andrews, 1983; Haskin and Ford, 1982 ) did not occur. By October 1985, heavy infection pressure extended to the upper beds. Prevalence reached 80% on Cohansey and Arnolds Beds. These were the highest levels ever recorded, including those in 1958 and 1959 when the initial epizootic spread upbay, and during the extended drought of the mid-1960s (Fig. 3) . Although river flow returned to normal later in 1985 and remained so through 1986, the damage was already done. An estimated 70-75% of the oysters in the upper bay "refuge" area died over a twoyear period in 1985 and 1986 (Powell et al., 2008) . Infection prevalence in moribund and dead oysters examined during this period was 80 to 100% and of those, the majority had advanced H. nelsoni infections.
A second wave of infections struck oysters on the uppermost beds in the early 1990s when river flows were also reduced. Prevalences of 50 to 60% were recorded on Arnolds and Cohansey Beds in 1992 (Fig. 3) , although intensities did not become as heavy as they were during the mid-1980s. Interestingly this event was not registered in more downbay Table 1 . Percent total infection prevalence of Haplosporidium nelsoni, and percent of infections characterized as systemic, in adult naïve stocks and native Delaware Bay eastern oysters exposed to natural infections in lower Delaware Bay or Cape May Harbor before and after the 1985-86 epizootic. Each value represents a sample of 20 oysters examined using tissue-section histology. When samples were collected on more than one date in a given year (2004, 2005, 2006, 2008 and 2009) , the highest value (typically mid August) for the naïve oysters is presented along with that of the native oysters collected at the same time. In 1964 and 1965, naïve oysters came from the upper James River, Virginia and were deployed on lower-bay leased grounds adjacent to native oysters, which were transplanted from the natural beds. Since then, naïve groups have come from Maine or (in 2001) from Louisiana broodstock and have been deployed in bags at the Cape Shore or Cape May Harbor sites (see Fig. 1 ) as described in the text. Native oysters have been collected from intertidal reefs at the Cape Shore site. 
d. Comparisons between Delaware Bay natives and naïve stocks after the second epizootic
i. Naïve stocks vs lower bay native oysters. In most years between 2000 and 2010, histological examination of naïve oysters deployed beginning in May at the Cape Shore site showed abundant and heavy infections by late summer, with prevalence often exceeding 70% (Table 1) . Infection timing varies from year to year and because only a single collection was made in some years, peak infections may have been missed in years of relatively low recorded prevalence in the naïve groups (e.g., 2002 and 2003) . By late summer, most infections in the naïve oysters were systemic and many were considered immediately lethal Figure 5 . Haplosporidium nelsoni infections in oysters from 3 locations in Delaware Bay compared to those in oysters from Maine, all exposed in a common garden experiment in Cape May Harbor, New Jersey. The Delaware Bay groups were wild-set adults; the Maine oysters were hatcheryproduced of approximately the same size and had not previously been exposed to selection by H. nelsoni. Oysters were sampled and deployed in early May 2005 and sampled again in July, August and October. No histologically detectable infections were observed in the May (Time 0) collection. Light infections are typically confined to the gill or are found lightly scattered in the major hemolymph sinuses of the visceral mass and advanced infections have numerous parasites in all tissues as described in Ford and Haskin (1982) . (Table 1 ). In stark contrast, prevalence measured at the same time in the wild-set oysters, collected from the nearby intertidal reefs, was never more than 5%.
ii. Naïve stocks vs upper bay native oysters. Adult Delaware Bay oysters from Arnolds and Shell Rock Beds and the Cape Shore that were exposed to H. nelsoni in the summer of 2005 developed infections roughly in relation to their source along the salinity gradient. By October, prevalence was 20%, 10% and 0% in oysters from upper to lower bay: Arnolds Bed, Cohansey Bed and the Cape Shore, respectively (Fig. 5 ). However, these prevalences are not different enough to be considered statistically significant in samples of 20. More importantly, no more than 5% of the observed infections were advanced enough to be considered lethal. By the same date, infections were detected in 90% of the susceptible control stock and 80% were categorized as advanced (Fig. 5) .
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[70, 2-3 e. Effect of one parasite on the presence of the other Chi-square tests of data in which the presence or absence of P. marinus and H . nelsoni was obtained from the same individuals collected in Delaware Bay (df = 1, Chi-square = 0.757, p = 0.384) and Long Island Sound (df = 1, Chi-square = 0.062, p = 0.803) showed that the presence of one parasite was independent of the other within individual oysters.
Discussion
In this report, we have reviewed results of a 50-plus-year study of the interactions between the introduced parasite Haplosporidium nelsoni, its host oyster Crassostrea virginica, and the environment of Delaware Bay, USA. The evidence presented indicates that the wild oyster population in the bay has become highly resistant to the development of disease and mortality caused by this virulent pathogen, which remains present and widespread in the bay. Resistance did not develop gradually over time (i.e., over generation), as was the case with selectively bred stocks, but increased in a step-wise fashion after two massive selection events that were separated by nearly 30 years: the initial epizootic in 1957-59, which was restricted mostly to the lower bay, and a second in 1985-86, which extended upbay.
a. Resistance to introduced pathogens
Resistance to disease-causing agents in wild populations has been observed in many types of hosts (Altizer et al., 2003) and evolutionary responses by native species to introduced predators, herbivores and competitors are well documented (see Strauss et al., 2006) ; but cases similar to that which we have described, in which a wild population has developed resistance to an introduced pathogen, are few. A population of grasshopper mice (Onychomys leucogaster), which was thought to have been first exposed to the plague bacterium Yersinia pestis 40 years before, was many times more resistant than a naïve population when studied by Thomas et al. (1988) . Kim and Harvell (2004) concluded that the development of resistance was a major factor in the decline of a 6-year epizootic of an emergent fungal disease, aspergillosis, in sea corals. Miller and Vincent (2008) documented a high degree of resistance to the introduced pathogen Myxobolus cerebralis in a natural population of rainbow trout (Oncorhynchus mykiis) in a Montana lake a decade after the parasite was first detected in the lake -although an earlier introduction was suspected. Populations of the copepod, Daphnia dentifera, from lakes with recent epizootics are more resistant to infection by a pathogenic yeast than are populations that have not experienced epizootics (Duffy and Sivars-Becker, 2007) ; however, whether the yeast was a novel pathogen is unclear (M. Duffy, Univ. of Georgia, personal communication, January 2010) . Recent evidence shows that oysters in certain high-salinity sites in the lower Chesapeake Bay have also developed resistance to MSX disease (Carnegie and Burreson, 2011) . We are unaware, however, of natural selection against an introduced pathogen that has been as well documented over the course of its evolution and has extended over such a large area as that for the Delaware Bay oyster population.
b. The first selection event and then a resistance plateau By the time the Rutgers' selective breeding program was underway in 1964, it was already apparent that native survivors of the epizootic were producing offspring that had measurably greater survival than unselected stocks, but improvement failed to continue (Haskin and Ford, 1979) . Haskin and Ford (1979) proposed a hypothesis for this plateau. After the 1957-59 epizootic, which was heaviest in the lower bay where salinity is always favorable for H. nelsoni survival and infection development (Ford and Haskin, 1988) , relatively few oysters remained. Nevertheless, infection prevalence was always highest in this region when oysters were placed there. Few survived to spawn, and fecundity was likely reduced in those that did (Barber et al., 1988) . In contrast, the lower salinity of the upper bay afforded a refuge from MSX disease and consequent mortality, and this is where the vast majority of the oysters were found (Haskin and Ford, 1982) . Histologically detectable infections were relatively infrequent in oysters on the upbay natural beds, even though prevalence was high at the same time in the lower bay (Haskin and Ford, 1982) . Consequently, after the initial epizootic and until the mid-1980s, estimated annual mortality associated with H. nelsoni infections in the upper bay was typically between 5% and 10%. Based on these data, Haskin and Ford (1979) argued that the larvae from the relatively few, highly selected oysters in the lower bay were diluted by those from a much larger number of oysters in the upper bay, which, after the epizootic of 1957-59, experienced relatively light disease pressure and selective mortality. Adult oysters, representing broodstock from various upper bay natural beds, experienced similar mortality rates as the lower bay (Cape Shore) native oysters when exposed to heavy H. nelsoni infection pressure, suggesting that larval mixing was extensive in the estuary, resulting in nearly the same degree of resistance in oysters throughout the bay (Haskin and Ford, 1979) . Results of circulation modeling of particles with larval behavior are consistent with this hypothesis (Narváez et al., this issue) as is population genetic data (Hofmann et al., 2009) .
c. The second selection event and greater resistance
The 1985-86 epizootic and the consequent deaths of 70-75% of the upper bay oyster population resulted in what Powell et al. (2008) have termed a "regime shift." Since then, oyster abundance has been significantly reduced, largely because of P. marinus-caused mortality starting in 1990 and, more recently, poor recruitment. At the same time, MSX disease has been effectively eliminated as a cause of mortality in the native population.
The second epizootic resulted in selective mortality in the refuge area that was substantially greater than that experienced by upper bay oysters during the 1957-59 epizootic, or even during the mid-1960s "drought of record." Susceptible individuals were heavily culled in the 1985-86 mortality, leaving the most resistant individuals to repopulate the bay in the period immediately following the epizootic. Since 1988, the prevalence of histologically detected H. nelsoni infections in native oysters at seasonal peaks has rarely exceeded 30% and has typically been less than 10%. Most infections are light and localized. Further, the 2005 trial involving oysters from three sites along the salinity gradient ( Figs. 1 and 5) confirmed that stocks along most of the main stem of the bay are highly resistant to the development of infections compared to naïve oysters. Although this test did not involve offspring of the different parental stocks, it is unlikely that the oysters tested were simply the survivors of within-generation selective mortality because there have been so few H. nelsoni infections in these stocks for nearly 20 years.
A survey for H. nelsoni in 1999 and 2000 found a near absence of histologically visible infections, yet PCR detected H. nelsoni DNA in up to 100% of oyster feces and gill samples at locations from the Cape Shore in the lower bay to Arnolds Bed in the upper bay . More recently, PCR-positive signals have been detected on oyster gills even farther upbay and in the tributaries of the upper bay (Ford et al., this issue) . Clearly, the parasite is still present and widespread in the bay more than two decades after the rapid decrease in histologically detected infections. Further, unselected stocks deployed in lower Delaware Bay continued to become heavily infected, providing additional proof that the parasite is still present and virulent.
How oysters resist MSX disease-caused mortality is unknown, but the mechanism involves restriction of parasites to localized and nonlethal lesions in the gill epithelium (Ford and Haskin, 1987) . Since we find evidence of the parasite in gill preparations by PCR, but rarely by histology, the current level of resistance may be manifested as lesions with so few parasites (live or dead) that the chance of detecting them histologically is vanishingly small. Alternatively, parasites detected by PCR may simply be present on the gill and unable to establish infections at all.
Was the 1985-86 mortality episode sufficient by itself to produce the bay-wide level of resistance that we subsequently recorded? A reproductive event following the epizootic in which a small fraction of the surviving oysters -only the most highly selected individualswere successful in producing surviving offspring could have magnified the impact of the selective mortality. The potential for such a "sweepstakes reproductive success " (SRS) event (Hedgecock and Pudovkin, 2011) in Delaware Bay was examined by He et al. (this issue) . Their analyses suggests that a single cohort of oysters, examined as spat (<1 year old), could have been produced by a fraction of the total oyster population; however, the estimates of this fraction are unrealistically small (less than a few thousand compared to a census population estimated in the billions), often without upper confidence limits, and hence of dubious reliability. In contrast, the estimated effective population size for adult oysters was large because adults are the accumulation of many cohorts, from many different spawnings, over numerous years. We find no convincing evidence, therefore, that an SRS event played a role in the post epizootic development of resistance and that selective mortality alone was most likely sufficient.
d. Termination of epizootics
The termination of epizootics is generally thought to occur because mortality exhausts the supply of susceptible hosts or when individual hosts acquire immunity, both of which lead to lowered parasite abundance and reduced transmission rates. Oysters do not have a vertebratetype immune system and individuals cannot acquire resistance; however, as Stauber (1961) and, more recently, Duffy and Sivars-Becker (2007) have pointed out, evolution of resistance through natural selection can also end epizootics. We have no way to quantitatively compare the abundance of H. nelsoni infective stages in the present Delaware Bay system with that present before 1987, nor can we assess whether the parasite has also evolved, but H. nelsoni clearly remains abundant and virulent enough to result in disease levels and consequent mortality in naïve groups that is equal to pre-1987 levels (Ford and Haskin, 1987; Haskin and Ford, 1979) . The persistence of H. nelsoni in Delaware Bay despite its low prevalence in native oysters is perhaps not surprising because there is no evidence that the parasite is transmitted directly from oyster to oyster. If an alternate or reservoir host, which has long been hypothesized (Burreson, 1988; Haskin and Andrews, 1988) , is present, it would continue to provide infective stages whether or not oysters become infected.
Another possible way that an epizootic might be terminated would be if the presence of one parasite within a host inhibited infection or proliferation by a second (Brown et al., 2002; Fellous and Koella, 2009) . Following this premise, the onset of an epizootic caused by the oyster pathogen Perkinsus marinus in 1990 was initially considered as a possible explanation for the concurrent decline in prevalence of H. nelsoni in Delaware Bay; however, we found no evidence that P. marinus interferes with H. nelsoni. Infection by one of the parasites is independent of infection by the other and both parasites infect oysters simultaneously in waters north and south of Delaware Bay (Ford and Smolowitz, 2007; . Further, P. marinus prevalences of 100% are typical in susceptible oysters deployed in lower Delaware Bay that also become heavily infected with H. nelsoni.
e. Evidence for resistance to MSX disease in other areas
MSX disease began killing oysters in the lower Chesapeake Bay two years after the initial epizootic in Delaware Bay (Andrews and Wood, 1967) . Using a combination of long-term data and side-by-side comparison with naïve stocks, Carnegie and Burreson (2011) recently showed that that oysters in some high-salinity sites of lower Chesapeake Bay, where H. nelsoni pressure is regularly intense, have also become more resistant to the development of H. nelsoni infections, although in lower salinity regions of the bay, where selection pressure is reduced, resistance has not developed. Thus, estuary-wide resistance similar to that documented for Delaware Bay has not developed, despite multiple incursions of the parasite into the upper Chesapeake Bay during droughts (Burreson and Andrews, 1988; Farley, 1975; Tarnowski, 2003) .
Other authors have claimed evidence for resistance based on the histological appearance of infected oysters, which suggested that infections were in remission (Farley, 1975; Sunila et al., 1999) . Although histological evidence may be a valid indication of recovery, it is not sufficient to demonstrate genetically based disease resistance. Evidence from common-garden field experiments or laboratory challenges in which representatives of a native population are exposed in the same way as a naïve population is a necessary element for documenting the evolution of resistance (Strauss et al., 2006) . Our evidence includes not only multiple common-garden exposures tests, but a 50-plus-year timeline of abundance, mortality and infection levels in the native Delaware Bay oyster population (Ford et al., 2006; Powell et al., 2008) that clearly document the evolution of a phenotypic trait -resistance to the development of infections -after the introduction of a highly virulent pathogen.
